Abstract: For the use of natural fibers in composite materials it is often necessary to improve the compatibility between fiber (sizing) and polymer matrix systems, e.g., by increasing the number of functional groups on the fiber surfaces. In this work, a dielectric barrier discharge (DBD) source in plane configuration is used to treat flax fabrics in ambient air. It is examined whether it is possible to increase the functionality on both fabric sides, which is achieved by simple changes in the DBD setup. After evaluating the treatment homogeneity of the filamentary plasma, an explanation for the treatment mechanism on the fiber surfaces is developed. It is shown that waxy substances, which naturally occur on natural fibers, play an important role in the wettability of the fabric.
Introduction
Today, natural fibers are widely used as an environmentally friendly, low-cost alternative in fiber reinforced composites [1] . Fields of application are e.g., the automotive, leisure, and building industries [2] . Amongst the available fiber types, flax offers a high specific strength, but, like many natural fibers, shows limitations in impregnation processes [3] . Due to the natural character, the surfaces are highly heterogeneous and the surface properties vary significantly depending on the origin of the fibers. In addition to the main constituents (cellulose, hemicellulose, lignin, pectin), natural waxes, which reduce wettability, can also be found on the fiber surfaces ( Figure 1) .
For above reasons, flax fibers are often not compatible with polymer matrix systems. Besides the treatment with wet chemicals/sizings, one way to adjust the compatibility is a dry plasma treatment of the fibers with a dielectric barrier discharge at atmospheric pressure, similar to studies performed on different natural fibers, such as cellulosic/cotton fibers [4, 5] . Compared to other plasmas, dielectric barrier discharges (DBDs) have a lower thermal impact on the treated samples, which is preferable since flax fibers have a low thermal stability [6] .
With plasma, it is possible to modify the surface polarity, usually through the formation of oxygen containing functionalities and the topography of the fibers, which might lead to an improved impregnation with polymer matrices, as already shown by e.g., Bozaci et al. [7] . With regard to industrial roll-to-roll processes, an atmospheric pressure dielectric barrier discharge (AP-DBD) source in plane configuration, with a treatment width of 600 mm, was used in this paper. It was investigated whether it is possible to achieve a homogenous increase of the functionalities on flax fabrics with the source operating in ambient air. Subsequently, it was examined whether the treatment effects can be further improved if the natural waxes are removed prior to the plasma treatment. After showing these results, an explanatory approach for the mechanism of formation of the functional groups is the functional groups is presented. The goal was to improve the understanding of the effect of fiber surface chemistry on the plasma treatment quality and to find possible ways to increase the degree and stability of the plasma activation, which would be beneficial for the fiber impregnation with polymer matrices. 
Materials and Methods

Materials
In the experiments, a unidirectional flax fabric with an area weight of 435 g/m 2 was used. Each fiber roving of the fabric consists of multiple twisted single fibers.
Prior to the plasma treatment, a portion of the fabric was washed in boiling acetone for at least 45 min to remove waxy substances (subsequently called "waxes") from the fiber surfaces, similar to the process described by Aydin et al. [9] .
DBD Source Setup and Parameters
The flax fabric was treated with a DBD system from Tantec A/S. The system consists of two electrodes, which are embedded in ceramic profiles, and a generator (type HV-X20), plus a transformer (type HT-X2-13) with a maximum output power of 2 kW at 13 kV (frequency 13 kHz). The discharge is created between the electrodes and a grounded steel plate, which is placed on a movable table so that samples can be moved through the plasma zones, as shown in Figure 2 .
The treatments were performed at a constant generator power of 1 kW and a gap distance of 4 mm between the ceramics and the steel plate. The fabrics were treated with and without a polypropylene (PP) film (thickness 20 μm) underneath to investigate the influence of additional dielectrics on the intensity and homogeneity of the treatment. To evaluate the influence of exposure time, the samples were moved through the plasma zones with different repetitions (called cycle number Z), at a constant velocity of 50 mm/s. One cycle (Z = 1) corresponded to one passage under the electrodes, leading to effective plasma exposure times (tPlasma eff) of approximately 0.8 s per passage. After plasma treatment, the samples were stored in ambient conditions for around one day prior to analysis to let the moisture content of the treated fabrics and the reference fabrics readjust. 
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Water Uptake Measurements
Flax fabric samples with a size of 30 mm x 25 mm were attached to a sample holder with pins and perpendicularly immersed into water at approximately 1-2 mm, as shown in Figure 4 . Thereby, the sample weight change was recorded with the balance of a tensiometer (Dataphysics, Filderstadt, Germany) for 120 s. At least three measurements were done for each parameter.
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X-Ray Photoelectron Spectroscopy
The surfaces of flax fabrics and separated fiber components were analyzed with X-ray photoelectron spectroscopy (XPS) using a Thermo K-Alpha K1102 system (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a pass energy of 150 eV for the acquisition of survey spectra and 40 eV for the acquisition of highly resolved spectra. Neutralization of the conductive fabric samples was achieved through a combination of low energy electrons and low energy argon ions. In order to examine the acetone extraction product, around 200 μL of the solution was spin coated and dried on an aluminum coated Si-wafer.
Results and Discussion
Plasma Treatment Effect and Homogeneity
Water Uptake Measurements
As can be seen in Figure 5 , the fabric samples take up vastly more water (also at a higher rate, not shown) after the plasma treatment. Thereby, the uptake is considerably higher for the samples treated with the additional PP film underneath, even at 0.8 s (Z = 1) of plasma exposure. At 6.4 s (Z = 8), saturation seems to be reached. 
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XPS Measurements
The measurements were done on fabric samples after plasma exposure times of 6.4 s, where the water uptake reached a plateau, and 16 s as well as on the untreated reference material. An exemplary spectrum of the reference material is shown in Figure 6 . The results are listed in Table 1 for both cases with and without the PP film. During treatment, the oxygen content is strongly increased on the fabric side facing the plasma (up) in both cases. On the averted fabric side (down), the oxygen content rises as well in case of treatment with PP film, whereas there is no increase, or only a slight increase, when the PP film is not being used. Similar results were found by Borcia et al. for the treatment of polyester, Nylon, mixed Nylon-Cotton-Elastane, and worsted wool fabrics with a DBD plasma source: Covering the cylinder electrode with polyethylene lead to higher oxygen values on the fabric back sides [10] .
Furthermore, the oxygen content does not vary strongly between both treatment times, indicating rather similar surface polarities and water uptake behavior. It can be assumed that after 6.4 s of plasma exposure, the plasma activation effect cannot be further increased as was already indicated in the water uptake measurements (see Figure 5 ). Furthermore, in the case without the PP film, the treatment is possibly more inhomogeneous and the filaments rather strike in the fiber interstices. As a consequence, the fabric was less treated on the crossing points of the rovings where the XPS measurement points were placed. This could explain the lower oxygen values for the treatment without the PP film. Additionally, because of the inhomogeneity of the treatment, it is conceivable that some parts of the fabric were only weakly plasma treated, which would lead to similar oxygen values like on the reference material (compare with tPlasma = 16 s).
The C1s fits (Table 2) show that, after plasma, there are higher percentages of all listed functional groups containing oxygen except for tPlasma eff = 16.0 s (down). In case of the treatment with the PP film, the percentages of C-O, C=O, and O-(C=O)-O are generally higher and vary less between both fabric sides. Therefore, it can be assumed that the addition of the PP film leads to a more effective and homogenous treatment of the flax fabric.
Silicon containing components, possibly applied during the processing of the flax fibers or during the production of the fabrics (as sizing), are also visible in the XPS results. 
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Plasma Penetration into the Fabric
The images through the transparent Indium Tin Oxide (ITO) electrode were taken with and without the PP film (thickness 20 µm) underneath the fabric. As can be seen in Figure 7 , there are a few intense filaments visible if no film is used. In the case of using a film, a more homogenous distribution of filament footprints with lower light intensity can be observed in the fabric. This observation can be explained by the accumulation of surface charges on the PP film surface which weakens the local electric field. Consequently, less charge is transferred in each filament. The filaments are more evenly distributed and appear in higher numbers, which causes a more homogenous treatment [11] . Furthermore, it is conceivable that the surface charges improve the plasma penetration to fabric areas averted from the discharge region. 
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The images through the transparent Indium Tin Oxide (ITO) electrode were taken with and without the PP film (thickness 20 μm) underneath the fabric. As can be seen in Figure 7 , there are a few intense filaments visible if no film is used. In the case of using a film, a more homogenous distribution of filament footprints with lower light intensity can be observed in the fabric. This observation can be explained by the accumulation of surface charges on the PP film surface which weakens the local electric field. Consequently, less charge is transferred in each filament. The filaments are more evenly distributed and appear in higher numbers, which causes a more homogenous treatment [11] . Furthermore, it is conceivable that the surface charges improve the plasma penetration to fabric areas averted from the discharge region. It can be concluded that the film enables a more homogenous plasma treatment on both sides of the fabric. Hence, the average oxygen content and surface polarity are higher, leading to a higher water uptake and better wettability compared to the fabric which was treated without the PP film underneath.
Effect of Wax Extraction before Plasma Treatment
Apart from the plasma treatment, the surface polarity of the fibers is also influenced by the presence of waxes, which are unevenly distributed on the fiber surfaces as mentioned in the It can be concluded that the film enables a more homogenous plasma treatment on both sides of the fabric. Hence, the average oxygen content and surface polarity are higher, leading to a higher water uptake and better wettability compared to the fabric which was treated without the PP film underneath.
Apart from the plasma treatment, the surface polarity of the fibers is also influenced by the presence of waxes, which are unevenly distributed on the fiber surfaces as mentioned in the introduction. Since the waxes are less polar compared to the fiber layers underneath, it was investigated whether the polarity/wettability could be further increased if the waxes were removed through extraction prior to the plasma treatment.
As in the first part of this chapter, it was investigated whether the oxygen percentage on the fabric surfaces increases after the treatment steps, indicating a higher surface polarity. Furthermore, the chemistry of the extracted waxes was investigated and water uptake measurements were conducted again.
XPS Measurements
After the acetone extraction, more oxygen was found on the fabric surfaces, as shown in Table 3 . Nevertheless, the DBD treatment of unwashed fabric lead to higher oxygen values than the extraction process (without subsequent plasma treatment), suggesting that the plasma treatment is a combined process of (incomplete) wax removal and plasma activation of the fiber surfaces. To test this assumption, a silicon wafer was placed underneath a flax fabric piece during plasma treatment. After the treatment, the wafer was covered by an organic thin film coating, which was analyzed, together with the acetone extracted components, by XPS measurements afterwards.
Despite the spin coating step, the resulting layer of the acetone extracted waxes was inhomogeneous, which lead to an aluminum peak of around 3 at% from the underlying wafer in the XPS analysis. Therefore, the contribution of the aluminum oxide (Al 2 O 3 ) passivation layer of the wafer (up to 4.5 at%) to the total oxygen values has to be considered.
As can be seen in Table 3 , the amount of oxygen in the extraction product was relatively low, indicating that mainly waxes were removed. An additional plasma treatment of the extracted product increased the oxygen concentration a few atomic percent. On the other hand, measurements on the organic thin film coating from the plasma process (fabric treatment) revealed almost 19 at% oxygen. Hence, it is conceivable that the plasma deposited organic film is activated more effectively during DBD treatment than the extracted waxes.
The silicon percentage in the extraction product is relatively high. In contrast, no silicon can be found in the organic thin film coating from the plasma process. Therefore, it can be assumed that the filaments mainly remove hydrocarbons while the silicon containing groups remain on the fibers and are activated by the DBD, possibly leading to a cross-linked weak boundary layer, which would impart the adhesion between the fibers and the matrix. The increased degree of crosslinking is also implied if the Si2p peaks of the spectra for the extraction product are fitted. The values in Table 4 show the fit results for so called D-units, where the Si-atoms are surrounded by two C-atoms and two O-atoms and for Q-units (Si-atom bound to four O-atoms). After plasma, the amount of silicon as the Q-unit increased to more than 40%, which clearly indicates the formation of a crosslinked network.
The results support the assumption that the plasma treatment leads to partial wax removal plus fiber surface activation. DBD treatment (Z = 8, with the PP film) of the acetone-washed fabric increased the oxygen percentage further to almost 38 at%, presumably leading to an even higher wettability of the fabric. 
Water Uptake Measurements
As can be seen in Figure 8 , the water uptake is higher for the acetone-washed fabric before as well as after plasma treatment compared to the unwashed fabric. This is in accordance with the higher oxygen values/polarity from the XPS measurements.
Although the percentages of oxygen in the unwashed and washed fabric differ by only around 4 at% after plasma treatment, the water uptake is approximately 60% higher for the washed fabric. A possible explanation is that the acetone is able to penetrate the fabric more effectively and remove more waxes from fibers that lie deep within the fiber rovings. Consequently, compared to the plasma treatment, the acetone washing might increase the wettability, especially inside the rovings/fabric. On the other hand, the plasma treatment removes waxes mainly on the fiber surfaces and increases the polarity of remaining waxes and exposed fiber layers through the formation of oxygen functionalities. Therefore, it seems to be useful to combine both treatment steps in order to influence the wetting behavior of flax fabric prior to impregnation.
Nevertheless, since flax fabrics are usually impregnated at elevated temperatures (below thermal degradation), the question arises if the activation effect can sustain those temperatures and other thermally induced processes. The first tests suggest that the wettability of plasma-treated fabric strongly decreases after heating in an oven at 150 • C for 30 min (see Figure 8) . A possible explanation is that the functional groups of waxes, which remained on the fiber surfaces after DBD treatment, rearrange due to the elevated temperature, which leads to a decrease of surface polarity and wettability. Furthermore, remaining waxes might also be able to migrate to the fiber surface and impair the wetting behavior of the fabric. Hence, it appears to be useful to remove as much fiber waxes as possible before plasma treatment. As a consequence, fiber layer components with a higher degree of crosslinking (Lignin, Cellulose) would be plasma treated and the activation effect is possibly more thermally stable due to less mobility of the functional groups at higher temperatures. Additional experiments with washed and unwashed fabrics have to be conducted to explain this phenomenon. 
Conclusions
In order to improve the impregnation behavior of natural fibers, it is important to modify the fiber surface polarity. This is usually achieved by the formation of oxygen-containing groups on the surface.
With DBD treatment on ambient air it was possible to increase the oxygen content on flax fabric by around 10 at%, which correlated with a better wettability, indicated by the water uptake measurements. With regards to industrial processes, a source in coplanar configuration with a high treatment width was used. To treat the fabric more homogenously, a dielectric (PP film, thickness 20 μm) was inserted between the fabric and the grounded electrode. Through the film, the number of filaments was increased and the energy per filament decreased, which lead to a more homogenous penetration of the filaments into the fabric. Therefore, compared to the treatment without the film, the average oxygen content on the fabric side averted from the plasma was higher and the chemical composition of the carbon-containing groups was more similar on both fabric sides.
Additional analysis of the fiber chemistry revealed that the plasma treatment causes a combination of partial wax removal from the fiber surfaces, as well as a formation of oxygen-containing groups on remaining waxes and exposed fiber layers.
The oxygen content on the fibers could be even further increased through the extraction of fiber waxes with acetone, prior to the plasma treatment. It was assumed that, contrary to the plasma treatment, the acetone is able to penetrate deeper into the fabrics/rovings. This could prevent the formation of week boundary layers, which usually impair the adhesion to matrix systems, during plasma treatment.
Furthermore, regarding the impregnation processes of the fibers, which usually take place at elevated temperatures, first tests suggest that the plasma treatment is not thermally stable due to the temperature-induced mobility of the fiber waxes. Hence, it is preferable to remove as many waxes as possible before the plasma treatment.
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